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A SUMMARY OF LATERAL-STABILITY DERIVATIVES CALCULATED FOR
WING PLAN FORMS IN SUPERSONIC FLOW

By ARTHUR L. JONES and ALBERTA ALESNE

SUMMARY

A compilation of theoretical ralues of the Iateral—smbfility
derivdtives for wings at supersonic speeds is presented in the
© form of design charts. The wing plan forms for which this
compilation has been prepared include a rectangular, two
trapezoidal, two triangular, a fully-tapered swept-back, a swept-
back hexagonal, an unswept hexagonal, and a notched triangular
plan form. A full set of results, that is, values for all nine of
the lateral-stability derivatives for wings, was available for the
Jirst six of these plan forms only. The reasons for the incom-
pleteness of the results available for other plan forms are
discussed.

The values of the derivatires presented were obtained directly
from tabulated resulis in the reports referenced or were calculated
from erpressions presenied in these reports. The expressions
for the derivatives were derived using linearized theory for
compressible flow. The values presented, however, do mnot
represent exact linear-theory solutions in every case due to the
fact that approximations and simplifications were somaimes
necessary n the derivation of the expressions or in the calcula-
tions of the numerical results. The effects of these approrima-
tions and simplifications on the accuracy end applicability of
the results are constdered.

INTRODUCTION

The calculation of the lateral-stability derivative coeffi-
cients (hereinafter referred to as the lateral-stability deriv-
atives) for thin wings at supersonic speeds has been ac-
complished for a number of plan forms and the results are
reported In references 1 through 18. These results are neces-
sarily incomplete in view of the fact that there is an ynlimited
- number of plan forms that could be investigated. There
appears to be a sufficient quantity of results available, how-
ever, to warrant the preparation of a summary. In fact,
some summaries, such as references 10 and 17, are already
available but the results presented in these reports are re-
stricted to a fairly small number of plan forms or to & small
number of derivatives. It is the purpose of this report,
therefore, to assemble and present & more extensive set of
numerical results than was heretofore available. These
results will be limited to the thin-airfoil, inviseid-flow solu-
tions obtained from application of the linearized theory of
compressible flow. They will be presented in the form of
design charts showing the variations of the derivatives ! with
Mach number, aspect ratio, and other plan-form parameters.
The derivatives have been evalvated in & manner that per-

mits their direct application in an analysis using the stability
axes system.
A discussion of the limitations in the applicability and

availability of the lateral-stebility derivative results is

included. ‘Some of the limitations are inherent in the line-
arized theory itself, but most of the limitations are due fo
the approximations and simplifications sometimes found
necessary in the applieation of the theory.

The plan forms for which the results are presented are

illustrated in figure 1. Included are a rectangular, two
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FIGURE L—Typﬁofp!nntarmsmrwh.ichsummarhedresultsmpmsented.

L AJthough the scale labels show that some of the stabllity derivatives presented in the
figures are divided by sogle of attack or angle of atfack squared, reference to the variation of
this quotient with other varfables will be simply referred 1o as the variation of the derivative. -
Thts usage Is consistent with the terminflogy used In previous XACA reports.
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triangular, two trapezoidal, a fully-tapered swept-back, a
swept-back hexagonal, an unswept hexagonal, and & notched
triangular plan form. This group may not cover all the
plan forms for which at least partially complete results are
availeble. Itis, however, & fairly representative group. In
table I the sources of the results for the lateral-stability
derivatives of the plan forms surveyed are listed.

SYMBOLS AND COEFFICIENTS

A aspect ratio

b span of wing measured normal to plane of symmetry
B =1 .

e chord of wing root

c. g. center of gravity

G rolling-moment coefficient (—g-’}g;—b)
. ) N
Ch yawing-moment coefficient (m)

Cy side-force coefficient, (X—

DO ol
Q, damping-in-roll derivative R1IA%)
oG,
C’:, 10 -moment-due-to-yawing derivative E2Y) 27)

O’;ﬂ rolling-moment-due-to-sideslip derivative (b_ﬁ)
(., yawing-moment-due-to-rolling derivative [#66/27)]

. . o 00,
C.,  yawing-moment-due-to-yawing derivative I:WV_)]

Cny  yawing-moment-due-to-sideslip derivative ba(,;,
Cy, side-force-due-to-rolling derivative [a( b/zV)
Cy, side-force-due-to-yawing derivative [a( b/2V)

Cy,  side-force-due-to-sideslip derivative (W)

{ over-all longitudinal length of swept-back wing
(See fig. 1.)

l..,. longitudinal location of center of gravity aft of the

leading edge of the root chord

L rolling moment (See fig. 2(b).) .

m slope of right wing tip or leading edge relative to
plane of symmetry (Positive for raked-out tip,
negative for raked-in tip.)

free-stream Mach number-

yawing moment (See fig. 2(b).)

rate of roll, radians per second

free-stream dynamic pressure

rate of yaw, radians per second

area of wing

free-stream velocity

longitudinal coordinate

s arbitrary longitudinal location of the center of gravity
with respect to the location specified in this report
(Positive for locations forward of those specified.)

y lateral coordinate

B ORIRN pw
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Y side force (See fig. 2 (b).)
2 vertical coordinate
o angle of attack, radians
i1 angle of sideslip (positive when sideslipping to right),
degrees
X taper ratio
’ AXES

At least three systems of axes are associated with the
development and application of stability derivatives. For in-
stance, the theoretical expressions for the stability derivatives
are most easily derived using a set of three orthogonal axes,
known as the wind axes, that are oriented as shown in figure
2 (a).- The origin of these axes is at the leading edge of the
root chord. The x exis is an extension of the freestream
vector through the origin and is positive rearward.  The
y axis lies in the plane of the wing perpendicular to the  axis
and is positive toward the right tip. The z axis stands
perpendicular to the # and y axes and is positive upward.
These axes are commonly used in wing-theory calculations.

Body-axes systems (see fig. 2 (b) ) are sometimes used in
the calculations of the motion of an aireraft. These calcula-
tions are commonly referred fo as dynamic-stebility calcula-
tions. The origin of the axes for such calculations is usually
the center of gravity rather than the leading edge of the
root chord. Thus the expressions initially derived for the
derivatives should be corrected for the change in moment-
center location accompanying the change in location of the
origin of the body axes.

A third system of axes known as the stability axes (fig. 2
(c) ) is often preferred for dynamic-stability caleulations.
The basic difference between the orientations of & stahility-
axes system and & body-axes system is the location of the
z axis. In a stability-axes system the x axis is assumed to
lie along the intersection of the plane of symmetry and a
plane perpendicular to the plane of symmetry which contains
the free-stream velocity vector (or the velocity vector of the
center of gravity). Thus the stability axes, in general,
correspond to the body axes rotated through an angle of
—ea and, in order to transform expressions for stability
derivatives that are applicable to & body-axes system to
expressions applicable to a stability-axes system, it is
necessary to correct for the angle of attack. If the origins
of the body and stability axes are coincident, this correction
can be made by using the transformation formulas in refer-
ence 19. If the origins are not coincident, the correction
must alse include the effects of the chordwise distance
between, the origins. Most of the reports used as sources
for the material presented, references 1 through 17, provide
either formulas for both systems of axes or means for con-
verting from one system to the other. It is interesting to
note that the definitions of the positive directions for the
velocities, forces, and moments of the wing conform to the
right hand screw-rule for a set of body or stability axes.

For the calculation of the stability derivatives presented
herein, the location of the center of gravity was selected as
¢./2 for the rectangular, trapezoidal, and unswept hexagonal
wings, (2/3) ¢, for the triangular wings, and (2/3) I for the
swept-back wings. The values of the derivatives pertain
to a stability-axed system so located. For arbitrary locations
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of the center of gravity the derivatives that are affected by
changes in the location can be evaluated using the following
formulas:

9
(€, .. =C1, —~I(: =y

(Cn)s, , =Cr,—75=Cr,

Le.g.
(Onﬂ):c_g_ =OR‘——6‘- Cr,

r

(C“f)-’c.a. =0"’r_:rcb-g- (_CY +2Cu5_2 Itb-‘- GYB)

2rcq.
(Oyr)fc.c. =0Yr—% Crﬁ

DERIVATION OF RESULTS

The derivation of theoretical results involves both the
formulation of expressions for the derivatives and the cal-
culation of the numerical values of the derivatives for specific
plan forms and conditions. Insome of the reports referenced,
the analytical expressions for the derivatives were derived
and presented but no numerical results were included. In
other reports, both the anealytical expressions and e few
numerical results were given. The following discussion,
therefore, will be concerned with the general method of
analysis used in obtaining the analvtical expressions and the
way in which the numerical results presented were compiled.

GENERAL METHOD OF ANALYSIS

-A stability derivative is an expression of the rate of change
of a force or moment with respect to the motion producing it.
Once the shape of the object for which a stability derivative
is desired has been decided upon and its motion prescribed,
an analysis to determine the resulting force or moment can
be started. The first step in the analysis is the formulation
of the boundary conditions and at this point an idealization
is usually made. For a wing of finite dimensions it is con-
venient to assume that the effects of wing thickness and of
the viscosity of the flow can be ignored or at least estimated
independently. On the basis of this assumption, the wing
and its flow field can be represented by 2 thin plate operating
in an inviseid flow.- This idealization permits the linearized
theory for compressible flow to be used for the analysis,
provided the angle of attack of the wing is kept small.

The first step in the calculation of the lateral-stability
derivatives for & wing, therefore, is the specification of
boundary conditions for a thin wing in sideslip, roll, or yaw.
This specification can be made readily for two of these three
latersl motions. For instance, a wing in sideslip at a small
angle of attack can be represented by a flat plate in the same
position and the plate can be simulated by use of a uniform
distribution of the vertical perturbation velocity over the
plan form. A rolling wing can be represented by a twisted
thin plate and simuvlated by a linear spanwise variation of
the downwash perturbation velocity over the plan-form
area. 'This representation of the rolling wing is an llustra-
tion of the manner in which quasi-steady flow conditions

can be substituted for conditions that are, in fact, unsteady.

_ Such & substitution permits the use of a simple steady-state

analysis which yields results of sufficient accuracy for the
motions considered in stability theory if not for the more
rapid motions involved in flutter theory. A yawing
wing, however, cannot be suitably represented by a flat
or twisted thin plate in steady flow. In fact, no quasi-
steady flow conditions have been developed at the present
time which would permit the straightforward application
of a steady-state analysis. Thus it appears that the most
desirable procedure in the case of the yawing wing would
be to undertake the analysis as & problem in unsteady flow.
Such analyses are quite complex, however, and have not as

(@)

(c)

)) Wind-axes system used In derivations of expressions for stability der[vaﬂvm;
Ei -axes system and definition of pesitive moments and velocitfes
c) Smb ty-axes system wsuslly preferred for dynamie-stabillty calcalations,

FIGURE 2.—Three systems of axes assoclated with the development and applfeation of
stability derlvatives.
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yet been carried out extensively. Consequently, the results
presented herein for the derivatives due to yawing are
approximations based on strip theory. In the case of the
rectangular plan form of infinite span or the trapezoidal
plan form with raked-in supersonic tips, the validity of
these results has been confirmed by an unsteady-ﬂow solu-
tion presented in reference 20.

Having specified the boundary conditions, the next step
in the analysis is to apply the linearized theory for compres-
sible flow to the calculation of the pressure distributions.-
The details of this step may be found in a number of reports
dealing with supersonic wing theory. (See, for example,
references 21, 22, and 23.) TUnfortunately, only pressures
acting normal to the surface of the flat plate are calculated
directly from the application of the linearized theory. These
pressures are not a complete representation of the pressures-
acting on a wing of finite thickness, and in order to obtain
a better representation the theory of edge suction must be
applied and the pressures acting on the edges of the thin
plate determined. Then by using both the normal and
edge pressures, the moments and forces acting on the wing
can be determined for the motion preseribed and the stability
derivative can be calculated.

The foregoing general description of the method of calcu-
lating stability derivatives for wings, using  the linearized
theory of compressible flow, is merely a brief summarization
of the procedure. For a more detailed description of the
steps involved, the reports referenced should be consulted.

LIMITATIONS OF BASIC THEORY

The idealization of the flow field discussed above and the
resulting simplifications in the theoretical analysis are re-
flected as limitations in the applicability of the results ob-
tained in this manner. An obvious limitation, for instance,
is that the results should be applicable only at the small
angles of attack to which the wing was restricted for the
analysis. Comparisons of experimental and theoretical
. results, however, have shown that this particular Iimitation
usually can be exceeded in practical applications without
incurring excessive inaccuracy. The less obvious limitations
can be deduced from considerations of the effects of neglecting
thickness and viscosity. For instance, the two basic reasons
for differences between the experimental and theoretical
results are: (1) the difference in pressure distributions caused
by neglecting the effects of thickness, camber, and viscosity
in the calculations; and (2) the existence of a skin-friction
force caused by viscosity. In general, it does mot seem
likely that the pressure distributions due to thickness or
camber will vary appreciably with any of these lateral mo-
tions. Consequently the linearized-theory results should
not be greatly limited in application due to the effects of
thickness or camber. On the other hand, the effect of vis-
cosity on the pressure distribution, which is principally the
effect of the boundary layer, is of consequence. It is very
difficult, however, to determine the nature of the boundary-
layer flow and its effect on the pressure distribution i steady
straight flight and even more difficult in the case of flight
involving the lateral motions, Thus the contribution of the
pressure-distribution effects of viscesity to the values of the
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lateral-stability derivatives is & relatively unknown factor
and probably the greatest source of diserepancy between the
theoretical and actual values of the lateral derivatives. The
skin-friction force, which is also due to viscosity, will vary
appreciably with yawing velocity but not significantly with
rolling velocity or sideslip. The effects of this force can he
estimated and added to the linerarized-theory value of (.
to reduce the limitations of applicability of this derivative.
The contnbutlon of the skin-friction force to C., however, is
not significant since it is mainly a drag force and has only a
very small component in the dlrectlon that would produce a
rolling moment,

Another sssumption which is inherent in the analysis
applied is that the wing be completely rigid. The applica-
bility of the theoretical results obtained on the basis of
complete rigidity is limited, of course, by the effects of the
deflection or distortion of the actual wing. Iowever, only
wings that have exceptionally long and slender panel lengths
are subject to much distortion or deflection. Furthermore,
current studies of the effect of aeroelasticity on stabilily
derivatives are directed toward the determination of devia-
tions from rigid-body results and it can be anticipated that

‘the possibility of making appropriate changes in the values

of the derivatives given herein may result from such analyses.

COMPILATION OF NUMERICAL RESULTS

The numerical results presented were obtained directly
from the results tabulated in references 1 through 17 or were
calculated using expressions presented in these reports.
‘Wherever possible, both the numerieal values of the deriva-
tives and the expressions from which they were obtained were
checked against identical results available from duplicate
anelyses. The plotting and cross plotting of the results in
the construction of the figures presented also provided an
effective check against errors.

Use was made of the reversability theorem (see reference
24) in the calculation and checking of the results for the
damping-in-roll derivative ;). No evidence or proof exists,
however, that woutd permit the reversability theorem (o be
applied to the calculation or checking of the results for the
other lateral derivatives.

RESULTS AND DISCUSSION

PRESENTATION OF RESULTH

As mentioned previously, the plan forms covered in this
summary include a rectangular, two triangular, two trapezoi-
dal, a fully-tapered swept-back, a swept-back hexagonsl, an
unswept hexagonal, and a notched triangular plan form.
Estimates of all the lateral stability derivatives are available
for the first six of these plan forms. Only partially complete
results are available for the other plan forms.

The values of the derivatives plotted against aspect ratio
and ageinst Mach number parameter B are shown in figures
3 through 19. The results are grouped by derivatives rather
than by plan forms. The values of the damping in-roll
parameter BO;p for all the plan forms surveyed are presented
in figures 3 and 4, which show the variation of this derivative
with the aspect-ratio parameter B4, A similar presentation,
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figure 7, was used for the side-force .deriva,ﬁve GYF. The

other derivatives required separate plots to show the aspeci-
ratio and Mach number variations for each type of plan
form. In table II, a convenient cross reference of the figure
numbers, plan forms, and derivatives is presented.

For these general results, the aspect-ratio range investi-
gated extended from 0 to 9 and values of the derivatives were
calculated for constant values of Bof 1,2,and 4. The Mach
number parameter range investigated extended from 0 to 4,
corresponding to Mach numbers of 1 and 4.13, respectively,
and the derivatives were calculated for aspect ratios of 2, 4
and 6. More extensive ranges and additional intermediate
values of these variables ecould have been investigated, but
the complexity of the calculations made it impraectical to do
so. It is felt, however, that included within these limits of
aspect ratio and Mach number are most of the plan forms
and speeds currently of interest. Furthermore, by interpo-
lation and, in some instances, by careful extrapolation of the
results presented, it is possible to obtain theoretical values
of the derivatives for plan forms of the type covered, but not
specifically investigated, that should be useful as preliminary
design estimates.

For the trapezoidal plan forms, the tip rake was selected to
correspond to an angle of sweep of approximately 63°
(m=+0.5) and the aspect ratio was varied by changing the
span. Supplementary plots showing the variation of the
derivatives with tip rake for a coustant aspect ratio are pre-
sented in figures 20 through 28. For the fully-tapered swept-
back plan forms, the value of the ratio of the root chord to
over-2ll length ¢/l was set at 0.5 and the aspect ratio was
varied by changing the sweep of the leading edge. Supple-
mentary plots were used in this case to show the variation of
the derivatives with the ratio of root chord to the over-all
length for a constant value of leading-edge sweep. These
variations are presented in figures 29 through 37.

In figures 38 through 67 the variations with taper ratio -

and with leading-edge slope of the derivatives available for
the swept-back and unswept hexagonsal and the notched
triangular plan forms are presented.

ASPECT RATIO AND MACH NUMBER RANGES COVERED

In many instances, the results previously described were
available only within small portions of the ranges of aspect
ratio and Mach number mentioned. The reasons for these
limitations are discussed in the following paragraphs of this
section.

For thelateral motions of rolling and sideslip, the linear-

ized theory is directly applicable and the results available.

gre limited only by the complexity of the caleulations in-
volved in determining the load distributions for certain plan
forms and certain conditions. For the yawing motions,
however, the difficulty in specifying quasi-steady boundary
conditions precludes the direct application of steady-state
linearized theory. Approximate solutions based on strip
theory can be used, however, wherever suitable solutions of
this type can be developed. Rigorous unsteady-flow solu-
tions would of course be preferable for the yawing deriva-
tives but only one such solution has been reported at this
time. Thus it is apparent that the derivatives due to yawing

are neither as available nor as generally applicable as the
derivatives due to rolling or sideslip.

The cause of the calculation complexities that limit the
determination of the load disiribution to certain plan forms
and certain conditions is the existence of regions on & wing
which ere affected by the interaction of flows past two or
more subsonic edges ? lying within the Mach forecones of
points contained within the region. Such regions exist on
any wing having inferacting subsonic edges, that is, on any

wing having one subsonic edge lying within the region of

influence of another. These regions also exist on & wing
having mutually interacting subsonic edges. The determina-
tion of the load distribution for such regions is extremely diffi-
cult using the basic integral-equation methods (references
21 and 22) .developed for supersonic wing theory. This is
especially true for the regions influenced by mutually inter-
acting subsonic edges. As a consequence, special cancella-
tion-of-load teechniques have been used (references 11, 15,
and 18) to handle plan forms having interacting or mutually
interacting subsonic edges. The application of these cancel-
lation techniques, however, usually involves rather Iengthy
calculations and, consequently, numerical results are avail-

- r—

able for only relatively few of the plan forms that require

such methods. Thus most of the results presented herein
are for plan forms that do not have interacting subsonic
edges.

The actual ranges of the aspect-ratio parameter for which
résults are presented are given in table ITI. The limits of
these ranges are explained in the discussion that follows.

Rectangular plan form.—For values of BA less than 1 the =~

Mach lines from the tip of the rectangular plan form would
intersect the opposite edges and thereby change them from

noninteracting to interacting subsonic edges. Thus a lower

limit is set on the aspect-ratio parameter BA for which
Oy Cr,y Cr,, Oy, Cuy and Cy, are presented. The deriva-
tives due to yawing, Cy, Cy,, and Cy, were calculated using
the analysis presented in reference 6. This analysis indi-
cated that reasonably accurate approximate values of

C;,, Ca, and Cy, could be obteined as a fraction 2 (1—F)

B2
of the Cp, Cr, and Cy, results. Thus the limitations of
the aspect-ratio parameter for C;, C,, and Cy, are the same
as those for 0 . - and Cy..
Tra.pezmda.l plan form. —i‘he lower limits on the aspect-
ratio parameter for both types of trapezoidal plan form

(tips raked in and tips raked out) are to prevent the plan-

form tips from becoming interacting subsonic edges. If the =~

plan form has supersonic tips, however, the lower limit is
the aspect ratio for which the trapezoid becomes a triangle.

The derivatives due to yawing were obtained from the

(

lar plan form. The ]ustlﬁca.txon of this step is given in a
later section of the report wherein the sources and develop-
ment of the results are discussed. :

application of the factor 23—~ B") ——%—=developed for the rectangu-

2 In the terminology that has hecome associsted with supersonic flow analysts, the term
“subsonic edge™ refers to an edge swept behind fts Mach line (because the component of flow
normsyl to the edge fs subsonic) and the term “supersonfe edge” refers to an edge swept
shead of its Mach line,
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Triangular plan form with apex forward.—There is no
aspect-ratio-parameter limitation necessary for the deriva-
tives due to rolling or sideslip. The derivatives due to yaw-
ing, however, have been obtained only for plan forms having
a BA of 4 or less because no solution, approximate or other-
wise, has been developed for the ya.wmg tna,ngu]ar wmg
with supersonic leading edges. - -

Triangular plan form with base forwa.rd —For values of
BA less than 4, the edges of this plan form become mutually
interacting subsonic trailing edges and the reflections of the
Mach lines establish an infinite number of regions which
would have to be anslyzed independently. This limit
applies to the derivatives due to sideslip and yawing and
would apply to the derivatives due to rolling if it were not
for the fact that the reversability theorem (see reference 24)
permits these derivatives t0 be calculated for the same plan-
form range as obtained for the triangular plan forms with
apex forward.

The derivatives due to yawing were obtained by applying

the factor = a(—FB) developed in the rectangular-wing analy-

B
sis to the derivatives due to.rolling. The justification of
using this factor for a base-forward triangular plen form is
given in a later section of this report. Inasmuch as the
reversability theorem does not apply to the derivatives due
to yawing, the lower limit for BA is 4 rather than zero.
Fully-tapered swept-back plan form.—The lower limit of

B4, 4-'2 (1 —C—"); is common to all the derivatives in order to

assure that the trailing edge of this plan form does not
become subsonic. The upper limit of BA for the derivatives
due to sideslip and yewing, 4lfc,, assures that the leading
edge will not hecome supersonic. Values of the derivatives
€y, C., and Cy, however, have been obtained from
references 13 ancf 16 for plan forms having supersonic
leading edges.

Swept-back hexagonal plan form. —The plan forms con-
sidered to fall in this classification have streamwise tips and
range from the constant-chord swept-back, A=1, to the
swept-back plan form having a straight trailing edge,

- A=4m(1-\)/(147). The aspect-ratio parameter range
for this wing, given in table III, indicates that results are
presented for plan forms having either subsonic or supersonic

leading edges and having supersonic trailing edges. An.

added restriction provided by the limits on the aspect-ratio
parameter range is that the Mach lines from the leading
edges of the tips must not cross on the wing.

Unswept hexagonal plan form.—These plan forms have
streamwise tips and range from the swept back with a
straight trailing edge to the hexagonal plan form having
fore-and-aft symmetry, which can be expressed as an. aspect
ratio range of ' '

om (1—N) am (1—N)
(14X (I4+N)

The results presented for the derivatives due to rolling and
vawing are subject to the same easpect-ratio-parameter
limitations that were given for the derivatives due to rolling
for the swept-back hexagonal plan form.

<4<

_.taper.
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Notched triangular plan form.—Thea derivatives due to
rolling are presented for both subsonic and supersonie
leading edges. It should be pointed out that for the damp-
ing-in-roll derivative the plan forms having subsonic leading
edges differ from those having supersonic leading edges
in that the trailing edges of the former always lie along the
Mach line from the trailing end of the root chord; whereas
the trailing edges of the latter are parallel to the leading
edges. (See reference 2.) The derivatives due to sideslip
are presented only for the plan form having supersoni¢
leading edges.

SOURCES AND DEVELOPMENT OF RESULTS

The sources of the results for the lateral-stability deriva-
tives of the various plan forms surveyed are listed in table I.
An indication of the rigor which has been maintained in the
individual developments of these results is given in the
following discussion. Sources of some of the results avail-
able for plan forms other than those surveyed are also
mentioned.

Derivative C; : The rolling wing lends itself to readily
specified boundary conditions and a rigorous application of the
linearized-theory analysis. The damping moment obtained
varies linearly with the rolling velocity p end, accordinglv
the expression obtained for the derivative Ci, is usually a
relatively simple one. Furthermore, the numerical results
are readily computed and can be presented in one figure
showing both the variation with Mach number and aspect
ratio. Consequently, there are more results available for
the damping-in-roll derivative than for any of the other
lateral derivatives, particularly in regard to the number
of plan forms investigated.

In addition to the results presented in this summary, more
extensive damping-in-roll results are available in the refer-
enced reports for plan forms having arbitrary sweep and
In references 9 and 10, C,, is determined for such
plan forms having subsonic lea,dmg edges and supersonic
trailing edges. In reference 13, these results are extended
to include such plan forms having supersonic Ieading and
treiling edges. The effect of subsonic trailing edges has
been investigated in references 11 and 15 using the cancella-
tion-of-pressure technique, but the numerical results are
limited to one or two plan forms. Values of ' described
as the upper limits for swept-back plan forms having sub-
sonic trailing edges are presented in reference 9. These val-
ues were obtained by extending the expressions developed
for C';, beyond the limits of applicability for which they were
derived. The damping-in-roll derivative for swept-back
tapered wings having raked-in or cross-stream tips and sub-
sonic leading edges has been investigated and the results are
presented in reference 12. Thus, it is possible to caleulate
the damping-in-roll derivative for a large number of plan
forms of arbitrary sweep, taper, and tip rake. In some
cases the numerical values of the derivative have been cal-
culated and presented. In other cases the calculations must
be carried out, a step which involves rather lengthy caleula-
tions when the trailing edges are subsonic and the cancella-
tion techniques must be used.

It should be mentioned, however, that in many instances
values for the damping-in-roll derivative can be determined
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for plan forms and Mach angle configurations that would
be extremely tedious if at all possible to caleulate, by appli-
cation of the plen form reversibility theorem presented in
reference 24.

Derivative C, : The confribution of the normal forece to
this derivative is —a(; which can be evaluated from the
damping-in-roll results- previously discussed. The effects of
edge suction on this derivative are also readily calculated.
Thus it is possible to calculate (%, for the same extensive
range of plan forms for which it was possible fo calculate C; .
The results actually available for C, , however, cover onfy
the plan forms considered in this summary.

For the trapezoidal plan forms having raked-out tips, the
expression for (', applicable to the stability-axes system has
not been published previously. For subsonic tips, and with
the center of gravity located at ¢,/2, the expression is,

—256a,1—B°'m®
9xB 431 +Bm) (1 +\/1 —%

{B [3(1(4;?1\)/(%)2.7—@&[33@*— 1)%ml T
gB;A’ m (1 +\/I_4—‘§Tm)-‘.

B 9BA— 12Bm . §_—
ko= yew="o]

and for supersonic tips the expression is

G“n = aolp

Ca

P 3

Derivative ¢ v,: The derivative Oy’ exists only when edge
suction forces are present. The results available for (%,
cover only the plan forms considered in this summary and
some swept-back tapered wings with streamwise tips having
either supersonic or subsonic leading edges. (See references
14 and 16, respectively.)

The expressions for Cr  for the trapezoidal plan forms hav-
ing raked-out or raked-in tips have not been published pre-
viously. For the subsonic raked-out-tip plan forms the ex-
pression applicable to the stability axes system is

64&-\:1 —Bm?

p= - . 2
=B AX1+Bm) (1 .y 1—% )
B 4BE____ s
3(1+1/1—4"B—;1“-) 9(1-{-‘/1—3—:‘)

For the supersonic raked-out-tip plan forms and for the
raked-in-tip plan forms there is no suction effect and Cr, is,
consequently, zero.

Derivative (,,: For wings in sideslip, the boundary con-
ditions are easily specified and the linearized-theory analysis
to obtain the normal force is easily carried out. Unfortu-

213687—58——78

Cy

nately, however, the rolling moment cannot he genersally
expressed as a linear function of sideslip angle. (See reference
5.} To obtain the derivative C,, therefore, it is necessary to
plot O, against the sideslip angle 8 and to measure the slope
or, if the sideslip is restricted fo very small angles (reference
4), it is possible to linearize the expression for ; and obtain
an explicit expression for ';,. Although no derivatives due to
sideslip are presented for the unswept and swept-back hexag-
onal plan forms, these derivatives can be calculated for these
plan forms using references 21, 22, or 23, or if a cancellation
technique is needed, reference 18 gives & demonstration that
is directly applicable to these cases.

Tt should be pointed out that for the trapezoidal plan forms

with a tip slope m of :E:% the Mach cones and tips coincide at

B=2. Double values of the derivatives due to sideslip,
O',ﬂ, Chy, and CF,, occur at this value of B end in order to
avoid any ambiguity the limiting values of the derivatives
obtained by approaching B=2 from the lower values of B
(tips subsonic) were labeled B=2 (—) and the limiting values
of the derivatives obtained by approaching from higher values
of B (tips supersonic) were labeled B=2 (+).

For plan forms having streamwise tips, such as rectangular
plan forms, there is some doubt as to the validity of the
results obtained by epplying the Kutta condition to the
trailing tip at small angles of sideslip. In reference 6 it is
assumed that the Kutta condition does not apply, whereas in
reference 5 it is assumed that the Kutta condition applies to
the trailing tip at small angles of sideslip as well as large.
This difference in basic assumptions leads to two entirely
different values for (. ‘From physical considerations of
what the flow must be past & sharp trailing edge, such as the
tip of & thin airfoil, the theoretical analysis based on the
Iatter assumption is the correct one. From physical con-
siderations of the flow about a wing tip of finite thickness, the

correctness of either assumption depends upon the ability

of the boundary layer on the tip to resist separation. If the
suction force caused by the high velocity flow of air from the
bottom surface to the top surface is strong enough to cause
the boundary layer to separate, then a flow corresponding to

the Kutta condition will result and the edge suction force will

no longer exist. The angle of sideslip at which separation of
the flow around the tip will take place is, at present, unde-
termined. It will depend on the angle of attack and on the
shape of the tip to a large extent. It is definitely possible,
however, for separation to occur on tips raked ab a slight
angle into the stream, such as the advancing tip of the rec-
tangular wing in sideslip, as well as on g trailing tip. If this
were the case, the Kutta condition would have to be applied
to both tips at small angles of sideslip rather than to one or
neither as assumed in the previously mentioned analyses.
Until experimental results are obtained that will provide
definite quantitative evidence to the contrary, therefore, it
seems most reasonable to assume that the solution based on
the flow over & thin trailing edge is valid. In other words, it
seems most reasonable to assume that the Kutta condition
holds for all trailing edges and the edge suction exists on all
leading edges no matter what the angle of inclination is
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between the edge and the stream. Accordingly, the results
presented in this survey correspond to those reported in
reference 5. :

Derivative C,,;: The contribution of the edge suction
effects to this derivative is easily estimated but the resulting
expression for the yawing moment is nonlinear with sideslip.
The normal force contribution —a C, is also nonlinear with
sideslip as described in the discussion of . Both of these

nonlinearities can be handled, however, in the manner
mentioned in that discussion.

For the plan forms having streamwise tips the apphca.tmn
of the Kutta condition to the trailing tip at small angles of
sideslip causes a jump in the yawing-moment curve at zero
sideslip. (See references 8 and 17.) This jump makes it
difficult to establish a rational value for C,, especially in
view of the fact that in actuality the jump will, undoubtedly,
be rounded off and the curve will have no discontinuity in
slope at zero sideslip. The value of the derivative selected
for the curve with the jump was based on the slope of the
vawing-moment curve as it approached zero sideslip. This
value is questionable in magnitude. It has the proper sign,
however, and should be an underestimation of the actual
value of C,,.

Derivative Cy,: Inasmuch as the edge-suction force is the
only source of side force for wing plan forms, the derivative
Cy, is zero (at zero sideslip) for plan forms having supersonic
raked-out tips or raked-in tips. For trapezoidal plan forms
having subsonic tips, the expression for the side force is

_32a? | (1+B2)

Cr,

The jump that appears in the yawing moment versus
s1deshp curve at zero sideslip for plan forms having stream-
wise tips occurs alse in the side force versus sideslip curve.
The evaluation of the derivatives under these conditions
was handled in the manner described in the discussion of C,.

Derivative C,: As mentioned in & preceding section of
this report, the yawing wing cannot be fitted satisfactorily
to quasi-steady boundary conditions that would permit the
use of an exact linearized-theory analysis based on a steady-
state flow. For rectangular and triangular wings, however,
modified strip-theory snalyses have been applied in refer-
ences 6 and 4, respectively, and approximate values for the
rolling-moment-due-to-yawing derivative havebeen obtained.
The analysis for the triangular wing takes into account the
spanwise variation of speed but not the spanwise variation
of Mach number. A chordwise variation of the effective
sideslip angle for a yawing wing is also included in the
triangular-wing analysis. The contribution of this latter
factor is predominant for triangular wings of low aspect
ratio (that is, triangular wings having small vertex angles).
Both the spanwise variations of Mach number and of speed
were taken into account in a somewhat similar analysis for
the rectangular wing. From this latter analysis a factor of
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al—F)
B
ing and the loading due to yawing over the portion of the
rectangular wing where the flow was two dimensional, and
it was assumed that this factor could also be applied in the
vicinity of the tips. An analysis of a rectangular wing of
infinite span based on unsteady How, made in reference 20,

prowded verification of the existence of the factor _(152_5_3

was found to exist between the loading due to roll-

for the region of two-dimensional flow. In view of this veri-
fication, it seems that the rectangular-wing values for C
obtained from reference 6 should be a good approximation,
at least for plan forms having high aspect ratios. Further-

more, application of the factor %@- to the rolling-

moment results for a trapezoidal plan form having super-
sonic raked-in tips should provide exact theoretical valucs
for €, (using the unsteady-flow-analysis results as 2 norm)
because of the lack of tip effects. Inasmuch as any plan
form having relatively large regions of two-dimensional flow
should be suited to this approximate analysis, it was deeided
to use this factor to obtain approximate values of (', for the
trapezoidal plan forms, the base-forward triangular plan
form with supersonic tips, and the unswept hexagonal plan
form. By this step, theoretical estimates of (', were made
available for all but the apex-forward triangular plan form
with supersonic leading edges, the base-forward triangular
plan form with subsonic trailing edges, the swept-back hex-
agonal plan form, and the notched briangular plan form.

—B) to the

Derivative (", : Application of the factor £ B’

calculation of the edge-suction-force contribution to Ca,
from the edge-suction force due to rolling will yield an ad-
mittedly rougher approximation than the application of this
factor to the determination of the normal force due to yawing.
However, in view of the fact that it was the only method
available for estimating the edge-suction force in yawing,
it was used to obtain the C,_results for all the plan forms
similarly analyzed for (.

al—0BY

Derivative ('y : The application of the factor —-—-B—;-J

calculate C, and C, from C, and C., respectively, for
certain plan forms was extended to the side-force calculations
in order to obtain values for the derivative Cy,. The apex-
forward triangular plan form having subsonic leading cdges
was excepted inasmuch as the derivative Cy, was available
from reference 4.

CONCLUDING REMARKS

Values of the lateral-stability derivatives for wings at
supersonic speeds, calculated using the linearized theory for
compressible flow, have been presented in the form of design
charts showing the variations of the derivatives with Mach
number and aspect ratio for nine plan forms. These plan
forms were: (1) rectangular; (2) trapezoidal with raked-out
tips; (3). trapezoidal with raked-in tips; (4) triangular with
apex forward; (5) triangular with base forward; (6) fully
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tapered swept-back; (7) swept-back hexagonal; (8) unswept
hexagonal; and (9) notched triangular.

Limitations in the applicability and availability of the
lateral-stability derivatives are discussed.

AMES ABRONAUTICAL LLABORATORY,
NATIONAL ADvisorY COMMITTEE FOR AERONAUTICS,
Morrerr FiELD, CALIF., June 26, 1961.
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TABLE I—REFERENCE NUMBERS OF THE SOURCES OF THE STABILITY—DERIVATIVE RESULTS SUMMARIZED =

I =L - LI S =E_‘ -
t?lm T idal {Tr idal|Tri lar|Tri IF:3
orm rapezoidal (Trapezoidal Triangular|Triangularl o . 4 Swept-back Unswept Notched
Deriv. Rectangular| v.’t(i)sutrglggd- Wl’gn Ié?;!:d' “%ﬁlwiggx “’fg’g‘gﬁe bae hexagonal hexagonal triangular
ative )
C., 2,6 2 2" 2,4 2,4 ‘7,9 9,10,11,13,15 | 9,10,11,13, 15 2
Ca, 6 0] 2 4 g, 4 7, 14,18 14,16 14,16 | oo
Cr, 6 @ It 4 6] 7,14, 16 14,18 14,16 | oo
Ci, 5,6 5 5 4,5 5 A A [ [ &
Chy 6,8 8 8 4,8 8 /% T (R 8
Cy, 8 ® ® -4 ® S A (R I O
Ch, 6 26 26 4 16 7 e X R
Ca, 6 16 LX) 4 18. A 16 | s
Y, 6 16 16 4 16 N R 16 | eeaee
I : - _
1 Previously unpublished. * By extension,
TABLE II.—FIGURE NUMBERS FOR DERIVATIVES AND PLAN FORMS!
Trapezoidal} Trapezoidal | Triangular | Triangular. :
Rectan- with with with with Swept back | Swept-back Unswept Notehed
gular raked-out raked-in apex base hexagonal hexagonal | triangular
tips . tips forward forward
G, 3(a) 3(a), 4,20]) 3(a), 4, 20 | 3(a) 3(a) | 3(a), 29 3(b), 3(c}, 3(d),| 3(e), 44, 3(f), | 3(a)
: s ' 38, 41, 59, |* 50, 62
: - . : 56 .
Cay 5(a), 8(a) | 5(b), 6(b),| 5(0),6(c),21| 5(d}, 6(d) | (e}, B(e) | 6(f), 6(), 30§ 5(g), &h), 5(1),; 5(}), 6(), 5(k),[ --ona-
' 21 oo 6(g), 6(h), 6(k), 45, 51,
6(1), 39, 42,] 63
. : 67, 60
Cr, 7(a) 7(a), 22 | 7(a), 22 7(a) 7(a) 7(a), 31 T(b), T(e), 40, | 7(d), T(e), 46, | ——aaev-
: : 43, 58, 61 52, 84
Cig 8(a), 9(a) 8(1;)3, 9(b),| 8(c), 9(c}, 28| 8(d), 9(d) | 8(e), 9(e) 8(2§ 8, | cememiiom | e 8(g)
Crg 10(a), 11(a) 10(b}, 10(e), 11(e},} 10(d}, 11(d) | 10(e), 11(e) | 20(f), 11(f), | —coceooocn | commmmaes 10(g),
11(b), 24 33 . 11(g)
24 .
Crg -12(a), 13(a)| 12(b), | 12(c), 18(c),| 12(d), 13(d) | 12(e), 18(e} | 12(f), 13(f), | -woecommo | cmcommeees 12(g),
' 13(b), " 25 34 13(g)
26 :
Cy, 14{a), 15(a)} 14(b), 14(e}, 15(c),} 14(d), 15(d) | 14(e), 156(e) | 14(f}, 16(F), | --cceeceo- 14(g), 15¢g), | -e----
15(b}, 26 ) : - 356 14(h), 15(h),
28 47, 53, 65
Cy 16(a), 17(a)| 16(b), 168(c), 17(c),| 16(d), 17(d) | 16(e), 17(e) | 16(f}, 17()}, | —ococ---_ 16(g), 17(g), | --a---
17(b), 27 36 16(h), 17(h),
27 N ) 48, 54, 66
Cy, 18(a}, 19(a)| 18(b), 18(c), 19(c),| 18(d), 19(d) | 18(e), 19(e) .| 18(f), 19(f)y | --ococc-- 18(g), 19(g), | --coe-
19(b), 28 . 37 18(h), 19(h),
28 49, 55,
74

1 In cases where more than one curve falls on a single line, the leaders identifying the curves are used to indicate the lower limit of each curve
with respect to the variable plotted horizontally.



A SUMMARY OF LATERAL-STABILITY DERIVATIVES CALCULATED FOR WING PLAN FORMS IN SUPERSONIC FLOw 1221

TABLE IIT.—RANGES OF ASPECT-RATIO PARAMETER FOR WHICH DERIVATES ARE PRESENTED

" Plan
form
Trapezoidal ! with Trapezoidal ! with Trisngular with Triangular with
Deriv Rectangular raked-out tips . raked-in tips apex forward base forward
Ce, 1<BA<L = (1+Bm)2<BA< = (1—Bm)!<BA< @ 0<BA<= 0<Bd<=
Ca, eendoo L eedoo SR <+ S eeedoo o Do.
Cr, eedoo eeedoo oo eedoo Do.
Cy ceecdo @O mendoo S « (- S 4<BA< w
Cn, —doo____ ceedoo .. eeedoe memdoo Do.
Cr, S (: S GO ceedon L S s - T Do.
Ci, e eedoo cmedoo 0<BAx4 Do.
ny SRS « [« J ——xdo_ o _____ oo ———do_ . __.___ Do.
¥, meedoo oo o eedoo O Deo.
I Limits given are for subsonic tips (|Bm|<1); for supersonie tips ([Bm|=>1) the limits are {Bm|<BA< =,
TABLE III—CONCLUDED )
Swept back Sngtgggglzl’ Eefa“é%%tﬁ Notched triangular
4 _c_,) 4Bm 4Bm 4
C, (1-%)<Base BrrnaFn =24 | Batnarn 24 0=Bd=- =) (=%
) < ABm(1—) 4Bm(1—=N : :
~“1-Bm(1+N _(1 Bm)(1+N)
C’n’ _____ [ /s T I do . ______ | .- [« (o JN R [ R T T ———
Cr, | ccocdoeeeoo | do__ ..} 0. oo | SR -
’ 41
¢, (1— )53A<— ____________________________________ S\ <B4A<
, ) R O (B
C’,.‘, ..... do | e | e Do.
Cry | ----- doo___________ | ___ e " Do.
4Bm
G, | - e B e 0 T e
< 4Bm(1—X)
“(1-Bm)(1+N
Cop | amm-- T« (s USSR U [ QO e L
Cr, | —-ee- do___________ S VSIS, [ do e

% These limits apply for subsonic leading edges, Bm<1, but for supersonic leading edges, Bm>1, the upper limit is changed to oo.
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(a) First six plan forms Investigated,
(b) Swept-back hexagonel plan form; A=1,
(¢) Swept-haok hexagonsl plan form; A=0.5,

BA
(d) 8wept-back bexagonal plan form; A=0,5, Bm=3B4/4,
(e) Unswept hexagonal plan form; A=0.5,
(f) Unswept hexagonel plan form; A=0.5; Bm=358A4/2,

Fiouex 3.—Variation of damping-in-roll parameter with aspect-ratio parameter,



.8
v
|/
5 /]
Bm=1—-1._{
// "Bm=0.75
/f// R Z :_l_t N
&y // » |Bmzi
] / //~--Bm_2 Bmi=4--
V 4-Bm=05 ]
A A A
|Bm|>1
/ -~ [
| Bt
g 4 g 12 /6 20
BA _
Fioore 3.—Concluded. (g) Trisngular and notehed trizngular plan forms.
6[ T
Pob TR
P B =
L] ' EaunuEl
55— — ‘
TR I
o g
4 //' :
/
i 1
7 6 8 /g 1% 14
BA/[Bm|
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(¢} Trapezoldal plan form; mm=-—0.5.
FIGURE 5.—Varlation of yawing-moment-due-to-roll derivative with aspect ratio.
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(d) Trianguler plan form. Apex forward,

(e) Triangular plen form. Bess forward.

(D) 8wept-back plan form; A=0; F=0.5.
FI1aURE 5,—Continued,
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() 8wept-back hexagonal plan forma; A=1.0; m=0.5,
(h) 8wept-back hexagonal plan form; A=0.5; m=0.5.
(i) Swept-hack hexagonal plan-form; A=0.5, B=3B4/4,
@) Unswept hexagonal plan form; A=0.5; mm=§
Fi1ouRE 8.—Continued.
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(b) Trapezoidal plan form; me=0.5. (e) Triangnlar plan form. Base forward.
(¢) Trapezoidal plan form; m=—0.5. (D) Bwept-back plan form; A=0; ’—I'-a.u.
F1GURE 8.—Varfation of yawing-moment-dae-ta-roll derfvative with Mach momber .
parameter B. ' FiGURE 8.—Continued.
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() Ewept-back hexsgonal plan form; A=L10; mm=0,5.
(h) 8wept-back hexngonal plan form; h=0.5 m=0.5. !
() Bwept-back hexsgonal form; A=~0.5, Bm=35.1/4.
() Unswept hexagonal plen form; A=0.5; m=5.
(k) Unswept hexagonal plan form; Am(..5; Bm=3B.1/2.
FiGuRR 6.—Conciuded,
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(8) First six plan forms Investigated. (Sce footutote, table IL.)
(b} 8wept-back haxagonal plan form.
(c) Sw‘ept-back hexagonal plan form; A=0.5. Bmm3B.4/4.
- (@) Unswept hexagonal plan form; A=0.5.
FIGURE 7.—Varlation of side-force-due-to-rolling derivativa with aspect-ratio parameter.
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(a) Rectangular plan form,
(b) Trapezoidal plan form; me0.5. )
(¢) Trepezoidal plan form; m=—0.5.
(d) Triangular plan form. Apex forward.
Fraurr 8.—Variation of roling-moment-due-to-sideslip dertvative with aspeet ratio.
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(a) Rectangular plan form.

(b) Trapezoldal plan form; m=0.5

(¢} Trapezoidel plan form; m=—0.5.

(d) Triangular plan form, Apex forward.

FoURE 9.—Varintion of rolling-moment-due-to-sideslip derivative with Mach
number parameter B.
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(e) Triangular plan gom. Basa forward. (Sea footnote, table II.

(t) Bwept-back plan form; A=0; "7' .5,

() Notched trisngular plan form.

F1oURE 8.—Concluded.
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(a) Rectangular plan form,
(b) Trapezoidal plan form; m=0.5.
(¢} Trapezoidal plan form; m=—0.5.
(d} Triangular plan form. Apex forward.
FiovRE 10.—Variation of yawing-mnnrz:nu.g-due-to-sideslm derivative with aspeat
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(e} Triangular plan form. Basaforward. (See footnote, table IT.}

(f) Swept-back plan form; A=0; %’nﬂ.ﬁ.

(8) Notched triangular plan form; m=3{2,
Figuee 10.—Conclnded.
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(e) Reatangular plan form.
(b} Trepezoldal plan form; m=(.5,
(c} Trapezoldal plan form; m=-—0,5.
(d) Triangulac plan form. Apex forward.

FI16URE 11 —Variation of yawing-moment-due-to-sideslip derivative with Mach
number parameter B,
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() Triangular plan form. Base forward. (See footnote, table IL)

(f) Swept-back plen form; Am0; ‘;—’-0.5.

(g) Notched trlangular plan form.
FiaURE 11.—Concluded.
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‘FIGTRE 12.—Varistfon of side-force-due-to-sideslip derivative with aspect ratlo. Fi1GTRE 12—Concluded.
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(a) Rectangular plan form.

(b) Trapezoidel plan form; m=(.5.

(e¢) Trapezoidal plen form; m=—0.5. (See footnate, table 11.)

(d) Triangular plan form. Apex forward. (See footnote, table I}

FIGURE 13.—Varlation of side-forco-due-to-gideslip derivative with Mach number
parametor B.
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(e) Triengular plan form. Base forward, (Sece fuotnote, table I1.)

(0 Swept-back plan form; A-o;-“l“-o.s.

(g) Notehed triangulsr plan form.,
F16URE 18.—Concluded,
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(») Rectangular plan form,
(b} Trapezoldal plan form; me=0.5.
(c) Trapezoidal plan form; m=—0.5.
() Trisngular plan form. Apex forward.
FI1GURE 13.—Variation of rolling-moment-due-to-yawing derivative with aspeet matio.
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(e} Triangular plan form. Base forward.

(6 Swept-back plan form; A=0; F=0.5.

(®) Unswept hexagona iplan form; x=0.5; m=5.

(hy Tnswept hexagonsl plan form; x=0.5; Bm=3B:/2.
F1GTRE 1+—Concluded.
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(a) Rectangualar plan form.

(b) Trapezoidal plan form; me=(.5.

(¢} Trapezoidal plan form; mm —0.5.

(d) Triangular plan form. Apex forward.,

Fioure 158.—Variation of rolling-moment-due-to-yawing derivative with Mach
number parameter B,
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(&) Triengular plan form. Base forward. (See footnote, table IT,)
(0 Swept-back plan form; h=e(; 5;—‘-'-:-0.6.

(g) Unswept hexagonal plan form; A=0.5; mm5.

(h) Unswept hexagonal plan form; h=0.5; Bm=3BAM.

F1eurE 15.—~Conclnded.
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(a) Rectangular plan form,
(b) Trapezoidal plan form; m=0.5.
() Trapezoidal plan form; m=—9.5.
(d) Triangular plan form. Apex forward.
F16uRE 18— Varlation of damping-in-yaw derivative with aspect ratio.
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(¢) Triangular plan form. Base forward.
(D Swept-back plan form; A=t; ‘T'-n.s.
(z) Unswept hexagonal plan form; A=0.5; m=>5.
() Tnswept hexagonal plan forny; A=0.5; Bm=3B4/2.
Ficure 16.—Ooncluded.
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(a) Reetengulsr plan form.
(b) Trapezoidal plan form; m=.5.
(¢} Trapezoldal plan form; m=~0.5.
() Triangular plan form. Apex forwerd.
Figure 17.—Verfation of damping-in-yaw derivative with Mach number
parameter B,
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(e} Triangular plan form. Bese forward. (See footnote, table IT.)
(f) 8wept-back plan form; Am0; 55-0.5.
(8) Unswept hexagonal plan form; Am0.5; mm=5.
(h) Unswept hexagonal plan form; A=0.5; Brm8BA/L.
FIGURE 17.~Concluded.
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(a) Rectangular plan form.

(by Trapezoidal plan form; m=0.5. (See footnote, table II)

(o) Trapezoidsl plan torm; m=—0.5. (See footnote, table IL)

(d) Trisngular plan form. Apex forward.

FIGURE 18.—Variation of side-force-due-to-yawing derivative with aspect ratio.
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(¢) Trisngular plan form, Base forward. (See footnote, table IT.)
(O Swept-back plan form; A=ty %—05.

() Unswept bexagonal plan form; A=0.5; m=5,

(b} Taswept hexagonal plan form; A=0.5Bm=3B.4/2.

F16CRE 18.—Concluded.
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() Rectangular plen form,
(b} Trapezoidal plan form; m=0.5.
(&} Trapezoidal plen form; m=—0.5. (See footnote, table I1.}
(d) Trisngular plen form. Apex forward,
FioURE 18.—Variation of alde-force-due-to-yawing derivative with Mach number
) parameter B.
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(&) Triangular plen form. Base forward. (See footnote, table IL)
(f) Swept-back plan form; Am0; ‘7" =08,

{g) Unswept hexagonal plan form; A=0.5; mm=§.

Fraure 19.—Continued.
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Fiaore 20—Varfation of damping-in-roll deriva%ve with tip slope for trapezofdal plan
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FIGUERE 21.—Variation of yawing-moment-due-fo-roll derivative with tip slope for {rapezaidal
plan forms; .4=8. )
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FratrE 22.—Variation of side-force-due-to-rolling derfvative with tip slope for tmpezoidal
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Frovre 27.—Varlation of demping-n-yaw derlvetive wlth tip slope for trapezoidal plan
forms; A=,
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Fravre 28.—Varigiion of side-force-due-to-yawing derivetive with tip slope for trapezoidal
plan forms; A=8.
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FioURE 28— Varlation of damping-in-roll derlvative with mtlo ofroot chord to over-all Iength
of swept-back plan form; m=0.5
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FiuCre 3.~ Variatlon of yawing-moment-due-to-roll derivative with ratlo of root chard to
over-all length of swept-back plan form; mm=0.5.
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FiGURE 31.—Variatlon of side-force-due-te-roll derlvative with mtlo of root chord to over-all
length of swept-back plan form; m=(.5
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F1aURE 32.—Variation of rolling-moment-due-to-gideslip derivative with ratio of root chord
to over-all length of swept-baek plan form; m=(.5,
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FIoURE 38.—Variation of yawing-moment-duc-fo-sideslip derivative with ratlo of ruut chord
to over-all length of swept-back plan form; m=0.8.
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I-‘lr‘t'nz 34.—Varlation of side-force-due-to-sideslip derivative with ratio of root chord to
- over-ull length of swept-buck plan form; mw=0.5.
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F1eURE §5.—Varfation of ro ~-moment-due-to-yawing derivetive with ratio of root chord
to over-all length of swept-back plan form; m=0.5.

A
40 3.5‘ 5!|0 _ 25 20
£ - /\\
(4 TB-1 B
- = ,.
5 .6 .7 .8 9 La
. e/l

FIGUEE 36— Variation of d:gﬁ!ng—tn—m derivative with ratio of roct chord to over-all
g of swept-back plan form; m=0.5.
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FIGCRE 37.—Varfation of side-force-due-fo-yawing derivative with ratio of root chord to
over-gll length of swept-back plan form; m=0.5.
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F1oURE 38.—Variation of damping-in-roll pamrnanfnleter with taper ratfo for swepi-back hexagonsl
plan form.
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FiouRE 39.—Variation of yawing-moment-due-to-roll derivative with taper ratlo for swept-
back hexagonal plan form; B=2, -
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FIGURE 40.—Variation of side-force-due-to-roll derivative with taper ratlo for swepi-back
plan form; BAmsd,
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FicuRE 41— Variation of damping-in-roll eter with taper matio for swept-back hexagonal
plan fgrm; Bm-mx)/ﬁl—)\) ; BA=4,

-



.6 T 7
_i//\r J i |
I g-B=1, A4 1
& :
o <
= N-B=2, A~6
| [
o 2 T4 i & LQ

A
wing- moment—due to-roll derivative wmi) taper rutio for swept-

FIGURE 42 —Vnriation of
exagonal plan form; Bm= BA(1+M/4(1
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Froure 47.—Varistion of rolling-moment-due-to-yuwing derivative with taper ratle fr
unswept hexagonal plan form; .{mg; mm
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Fisene 43.—Variation of side-force-due-toroll derivative with taper ratio for swept-buck
hexsgonal plan form. Bm=BA(I+X)/4(1—\); B.im=4.
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F16GRE 44,—Variation of damping-in-roll Parameter with taper ratio for nnswept hexagona!
plan form. .
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F16URE 45.—Variation of yawing-moment-due-to—roll derivative with taper ratio for unswept
hexagonal plan form; 4=6; m=5.
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FIGCRE 46.—Variation of side-force-due-to-roll derlvative with taper ratlo for unswept hes-
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FIGURE 48 ~Variation of damning-in-yaw derivative with taper railo for unswopt hexagonal
plan forin; A =@; mmE.
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FiavRE 40.—Variation of side-force-due-to-yawing derfvative with taper ratlo for unsEept
hexegonsl plun form; A=0; m=§.
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F1auRE 50.—Variation of damgmﬁ-m—ron parameter with taper ratio for unswept hexagonnl
pi orm; Bmo BA-M/2(1—N\).
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FiaURE 51.—Variation of yawing-moment-due-to-roll derivative with taper ratio for unswept
hexagonsl plan form; B=2; Bm= BA(1-41)/2(1—A).
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FIGURE 62.—Varfation of side-force-due-to-roll derivative with taper ratle for unswept
exgonal plan form; Boyw B-A(IFA}N2(1—X).
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FincRE 53.~Variation of rolling-momeni-due-to-yawing derivative with taper ratio for
unswept hexagonal plan form; B=2; Bme=BAIFN/2(1-2)..
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FioerE M.—Varfatfon of damping-in-yaw derivative with taper ratio for unswept hexagonl
plan form; B=2; Bm= BA(I+X}f2(1—)\).
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FInCRE 65.—Variation of side-force-doe-fo-yawing derlvative with taper ratio for unswept
hexagonal plan form; Be=2; Bm=BA(I4+A)/2(1—)).
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FrocrE 5.—Variation of damping-in-roll parameter with leading-edge slope for swept-back
hexagonal plan form; A=1; Bm=2, .

FIGURE 57.—Variation of yawing-moment-due-to-roll derlvative with Iendmg-edze slope for
swept-back hexagonal plan form; d=1; B=2.
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FiGerE 53.~Variation of sfde—tozce-dua—to—m]l derivative.with leading-edge slope for swept-
ck hexagonal plan form; Aml; Bm2, dge
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Fiaure 50.—Varistion of damping-in-roll parameter with leading-edge slope for swept-back hexagonel plan form; A=0.5; .4=8.
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FIGURE 80.—Veriation of yawing-moment-due-to-roll derlvative with leading-edge slope for swept-back hexagonal plan form; A=0.5; A =6,
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FiGURE 6l.—Verlation of side-force-due-to-roll derivative with leading-edge slope for swept-back hexagonal plan form; A=0.5: Am=8.
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FIGURE 62.—Varlation of damping-In-roll parameter with leading-edge slope for unswept
hexagonal plan form; A=0.5; 4 =8.
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FIouRrE 63.—Variation of yawing-moment-due-to-roll derivative with leading edge slape for
unswept hexagonal plan form; A=0.5; A =6.
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FIGURE 8i—Variation of side-force-dne-to-roll derivative with taper ratio for unswept
hexngonal plan form; Am=0.5; AL =6.
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FIGURE 65.—Varlation of rolling-moment-dne-to-yawing derivative with leading-edge slope
for unswept hexagonal plan form; A=(.5; 4=6.
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FIGURE 68.—Variation of damping-In-yaw derivative with leading-edge slope for unswept
hexagonal plan form; xm(.5; 4=6.
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FioueE 67.—Variation of side-force-due-to-yawing derfvative with leading-edge slope for
answept hexagonal plan form- A=0.5: 4A=86.



